Introduction
The isolation and characterization of RNA polymerases from the Salmonella phage SP6 and the Escherichia coli phages T7 and T3 have revolutionized all aspects of the study of RNA metabolism (1) (2) (3) (4) (5) (6) . Indeed, it is now possible to generate unlimited quantities of virtually any RNA molecule in a chemically pure form. This technology is based on a number of properties of the viral transcription units. First, and in contrast to their cellular counterparts, the enzymes are single-chain proteins that were easily purified from phage-infected cells and are now produced by recombinant DNA technology. Second, they very specifically recognize their own promoters (7 and references therein), which are contiguous 17-to 20-bp-long sequences rarely encountered in bacterial, plasmid, or eukaryotic sequences. Third, the enzymes are highly processive, allowing the efficient synthesis of very long transcripts from DNA templates. In this article, I discuss the preparation of the DNA templates, the transcription from the templates of labeled synthetic RNA molecules, commonly called riboprobes, and their use in Northern and RNase protection assays.
Materials
These protocols require the use of standard molecular biology materials and methods for carrying out subcloning, polymerase chain reaction (PCR), and gel electrophoresis, in addition to those listed herein. More rigorous precautions are required for working with RNA than are commonly used for most DNA studies, because it is important to avoid RNase contamination. The two major sources of unwanted RNases are the skin of investigators and microbial contamination of solutions. Most RNases do not require divalent cations and are not irreversibly denatured by autoclaving. Gloves should be worn and frequently changed. Sterile plasticware should be used, although some mechanically manufactured tubes and pipet tips have been used successfully without sterilization. Glassware should be incubated at 180~ in a dried baking oven for several hours. In addition, divalent cations (such as Mg 2 § or Ca 2+) accelerate base-mediated RNA hydrolysis. RNA can be stored in sterile water, but is most stable when stored in 1 mM KOAc, pH 5.0, with 0.1 mM EDTA. 1 . Water: Although a number of protocols recommend treatment of the water used for all the solutions with diethylpyrocarbonate, I find this to be unnecessary. Double-distilled water is used for the preparation of stock solutions that can be autoclaved (121~ 15-30 min), and sterilized water is used otherwise. 2. TE: 10 mM Tris-HC1, pH 8.1, and 1 mM ethylene-diamine tetraacetic acid (EDTA). 3. 10X TB: 0.4M Tris-HC1, pH 7.4, 0.2M NaC1, 60 mM MgC12, and 20 mM spermidine. If ribonucleotides are used at concentrations >0.5 mM each, MgC12 concentration should be increased to provide a free magnesium concentration of 4 mM. 4. 0.2M Dithiothreitol (DTT): The solution is stored in small aliquots at-20~ Aliquots are used only once. EDTA can be included at 0.5 mM to stabilize DTT solutions. 5. Ribonucleotides: Neutralized solutions ofribenucleotides are commercially available, or can be made up from dry powder (see Note 1) . Ribonucleotide solutions can be stored at-20~ for several months. 6. RNA polymerase stocks: The three RNA polymerases, SP6, T3, and T7, are available commercially. Store at -20~ 7. RNA polymerase dilution buffer: 50 mM Tris-HC1, pH 8.1, 1 mM DTT, 0.1 mM EDTA, 500 ktg/mL bovine serum albumin (BSA) and 5% glycerol. Diluted enzyme is unstable and should be stored on ice for no more than a few hours. 8. Stop-mix: 1% sodium dodecyl sulfate (SDS), l0 mM EDTA and 1 mg/mL tRNA. The tRNA may be omitted. 9. TEN: 10 mMTris-HC1, pH 8.1, 1 mM EDTA, and 100 mM NaCl. 10. Sample buffer (polyacrylamide/urea gels): 80% deionized formamide (see Note 2) , 2M urea, 0.1X TBE (8.9 mM Tris base, 8.9 mM boric acid, 0.2 mM EDTA), and 0.01% each of xylene cyanol and bromophenol blue. Use 1-2 lxL/~L of RNA in aqueous solution.
Preparation of Riboprobes

Northern Blot Hybridization
1. Formamide: Pure formamide is slowly hydrolyzed by water vapor to ammonium formate and therefore must be deionized (see Note 2) .
Store at -20~ Note 5) .
Verify the extent of digestion by electrophoresis of an aliquot (0.2-0.5 ~tg of DNA) on an agarose minigel in the presence of ethidium bromide (0.5 l.tg/mL) (see Note 6 
Synthetic and PCR-Derived Templates
The major limitation in using restriction enzymes to clone inserts and to linearize plasmid templates is that appropriate sites are not always available. Furthermore, the transcripts will almost always contain 5' and 3' portions that differ from those of endogenous RNA. One possibility to circumvent these difficulties is based on the transcription of small DNA fragments obtained by annealing of synthetic oligodeoxynucleotides (6, 8) . An alternative and more general approach generates the transcription templates via PCR amplification of plasmid DNA. In theory, such templates could direct the synthesis of virtually any RNA sequence.
1. Design the 5' primer, which has a composite sequence: its 5' portion is constituted by a minimal T7 promoter, and its 3' portion corresponds to the beginning of the transcript (see Note 7) .
Six to ten nucleotides (nt) are usually sufficient to prime DNA synthesis on the plasmid template. 2. Design the 3' primer, which is usually 17-20-nt long and defines the 3' end of the transcript (see
3. PCR amplify 2-50 ng of plasmid DNA in a total volume of 100 [tL. Verify that a DNA fragment of the expected size has been amplified, and estimate the amount of DNA by comparison with known standards. 4. Purify the DNA as described in Subheading 3.1.1., step 4 and resuspend in TE at the appropriate concentration. The PCR-derived templates are transcribed at lower DNA concentrations than plasmids to maintain the molar ratio of enzyme to promoter; I use 3 lxg/mL for a 100-bp fragment. (see Note 13) .
Basic Transcription Protocol for Radioactive Probes
Northern Blot Hybridization
The use of riboprobes in RNA blot hybridizations follows the same general principles as that for DNA probes. The major disadvantage in using double-stranded DNA probes results from self-annealing, which decreases the availability of DNA probes to bind to the immobilized target; this is particularly critical with heterologous probes, in which the reannealed probe may displace incompletely matched hybrids. Self-annealing of course does not occur with single-stranded RNA probes. Most difficulties encountered with riboprobes stem from the increased thermal stability of RNA:RNA hybrids. Thus, cross-hybridization of GC-rich probes to rRNAs can generate unacceptable backgrounds. This problem is often solved by increasing the stringency of hybridization, as illustrated in Fig. lB . Alternatively, the template may have to be shortened to remove GC-rich regions from the probe.
1. Denature the sample in 8 lxL of denaturation buffer for 15-30 min at 50~ Add 2 IxL of 5X RSB and electrophorese in 0.7-2% agarose gels in i0 mM Na2HPO 4, pH 6.8. The buffer should be circulated with a peristaltic pump, so that the pH near the electrodes remains neutral. 2. Transfer the RNAs by capillarity onto a membrane (see Note 14) .
3. Fix the RNA by incubating the blots at 80~ under vacuum. This step is essential to remove glyoxal covalently fixed to guanine residues in the RNA. 4. UV-crosslinking is often used to improve RNA retention, although irradiation may increase background hybridization (see 7. Wash the membranes twice for 10-20 min at the hybridization temperature with 100 lxL/cm 2 of 3X SSC, and 2X Denhardt's solution, and then three times with 0.2X SSC, 0.1% SDS, and 0.1% sodium pyrophosphate at the appropriate temperature (see Fig. 1B and Note 17).
8. Expose to autoradiographic film. As long as the membranes are not allowed to dry, they can be further washed at increased stringencies to reduce background.
RNase Protection
This assay is based on solution hybridization and on the resistance of RNA:RNA hybrids against single-strand specific RNases. A 32p-labeled probe is synthesized that is partially complementary to a portion of the target RNA. It is hybridized in excess to the target so that all complementary sequences are driven into the labeled RNA:RNA hybrid. (29) . All samples were electrophoresed and transferred together. After cutting the membrane, each filter was UV-treated as described. The filters were hybridized at 58~ washed at 70~ and exposed together. Cross-hybridization of the probe to 28S rRNA is more pronounced after UV irradiation, and specific hybridization is decreased after 5 min of UV exposure. (B) Effect of hybridization temperature.
Northern blot hybridization of c-fos mRNA in rat total cellular RNA with a murine v-fos cRNA probe. Lane 1: uninduced cells. Lane 2: partially induced cells. Lane 3: fully induced cells (M. Prentki and D. Belin, unpublished). All samples were electrophoresed and transferred together. The filters, which were not UV cross-linked, were hybridized and washed in parallel at the indicated temperatures. The four filters were exposed together. Cross-hybridization of the probe to 28S rRNA was essentially abolished by hybridizing at 68~ Some specific signal was lost with the 75~ stringency wash. "protected" probe is then detected and quantitated on a denaturing polyacrylamide gel. It can be used to map the ends of RNA molecules or exon-intron boundaries. It also provides an attractive and highly sensitive alternative to Northern blot hybridization for the quantitative determination of mRNA abundance.
RNase protection has a number of advantages. First, solution hybridization tolerates high RNA input (up to 60 gg of total RNA), and is not affected by the efficiency of transfer on membranes or by the availability of membrane-bound RNAs. Second, the signal to noise ratio is much more favorable, since cross-hybridizing RNAs yield only short protected fragments. Third, a significant fraction of mRNAs is often partially degraded during RNA isolation; in Northern blots, this generates a trail of shorter hybridizing species, which reduces the sensitivity of detection. Finally, the detection of hybridized probes on sequencing gels is much more sensitive because the width of the bands is less than a tenth of those of intact RNAs in agarose gels.
Only two features of Northern blots are lost in RNase protection assays: complete size determination of target RNAs and multiple use of each sample.
1. Linearize the plasmid DNA template as described in Subheading 3.1.1. (see Note 18) .
2. Transcribe the template as described in Subheading 3.1.3. The amount of labeled ribonucleotide may be varied (see Note 19) .
3. An optional step is to purify the full-length transcripts by electrophoresis (see Note 20) . Separate the transcript on a preparative 5-6% polyacrylamide/urea gel (gel thickness: 0.4-1.0 mm). Cover the wet gel with Saran Wrap TM and expose for 30 s to 2 min at room temperature to localize the full-length transcript. Cut the exposed band on the film with a razor blade. After aligning the cut film on the gel, excise the gel band with a sterile blade. The cut gel should be reexposed to verify that the correct band has been excised. 9. Resuspend the RNAs in sample buffer, denature the hybrids for 2 min at 90~ and electrophorese in polyacrylamide/urea sequencing gels. Alternatively, the hybrids may be analyzed on nondenaturing polyacrylamide gels. Fix the gels with 20% ethanol and 10% acetic acid to remove the urea, dry, and autoradiograph (see Note 28 ). (4, 9) , and their efficiency can be more pronounced when one ribonucleotide is present at suboptimal concentration (see Note 13) . The problem has sometimes been solved by recloning the inserts in front of a T7 or T3 promoter. The partial recognition ofT7 (T3) promoters by T3 (T7) polymerases may result in the transcription of both strands when the ratio of enzyme to promoter is very high. This can be a source of artifacts, particularly when the templates are linearized inside the cloned inserts. 4. It is possible to use plasmid DNA from "minipreps," although transcription efficiency can be reduced, particularly with SP6 polymerase. The RNA present in the minipreps is digested with pancreatic RNase (20 ~tg/mL), which is removed during purification of the linearized templates. Spun-column centrifugation of the digested minipreps can improve transcription efficiency. 5. Since RNA polymerases can initiate transcription unspecifically from 3' protruding ends (4, 10) , restriction enzymes that generate 5'
Notes
protruding or blunt ends are usually preferred. If the only available site generates 3' protruding ends, the DNA can be blunt-ended by exonucleolytic digestion with T4 DNA polymerase or with the Klenow fragment of DNA polymerase I. Restriction with enzymes that cut the plasmids more than once may also be used, provided that the promoter is not separated from the insert. 6. The plasmids must be linearized as extensively as possible. Since circular plasmids are efficient templates, their transcription by the highly processive enzymes may yield RNA molecules that can be up to 20 kb long and thus incorporate a significant portion of the limiting ribonucleotide. 7. There are constraints on the 5'-sequence of transcripts since the sequence immediately downstream of the start site is necessary for the transition from an abortive initiating cycling mode to the elongation mode. The first 6 nt have a strong influence on promoter efficiency; in particular, the presence of uracil residues are usually detrimental (6, 8) . It may be necessary, therefore, to include in the 5'-end of the transcripts 5-6 bases that differ from those present in natural RNAs. My colleagues and I have used a number of composite T7 promoters, whose efficiency is summarized below. In addition to the promoter sequence (-17 to -1: 5'-TAATACGACTCACTATA) at the 5' end, the first 6 nt of the templates are:
Efficient promoters Inefficient promoters GGGAGA (T7 consensus) G'Iq'GGG (5% efficiency) GGGCGA (pBS plasmids) GCTITG (1% efficiency) GCCGAA Composite 5' primers with the SP6 promoter sequence have also been used successfully. There are also constraints on the 5' sequence of the transcripts, but the optimal sequences (GAATA, GAACA, and GAAGA) are different than those with T7 polymerase (11) (12) (13) . 8 . The 3' end of the transcripts should be exactly defined by the 5' end of the downstream primer. However, template-independent addition of 1-2 nt during transcription usually generates populations of RNAs with different 3' ends.
The proportion of each residue at the 3' end may depend on context and is influenced by the relative concentration of each ribonucleotide, limiting ribonucleotide being less frequently incorporated (2, 6, 8, 14) .
The order of addition of components may be changed. Remember that dilutions of RNasin are very unstable in the absence of DT'I', and that DNA should not be added to undiluted 10X TB. The temperature of all components must be at least at 25~ to avoid precipitation of the DNA:spermidine complex. Since the radioactive nucleotides, which constitute half of the reactions, are provided in well-insulated vials, they can take up to 10-15 min after thawing to reach an acceptable temperature. I routinely incubate all components, except the RNasin and the polymerase, at 30~ for 15-20 min. When more than one probe is to be synthesized, a reaction mixture with all components is added to the DNA template. It is possible to reduce the total volume to 8 ~tL, in order to conserve materials; however, since the enzymes are very sensitive to surface denaturation, these incubations are done in 400-ktL vials. 10. For SP6 polymerase, use 5-10 U/~tg ofplasmid DNA (size: 3-4 kbp). For T7 and T3 polymerases, use 10-20 U/~tg of plasmid DNA.
11. The purification step (Subheading 3.1.3., step 4) may not be required, and some investigators use the transcription mixtures directly in hybridization assays. However, low backgrounds, consistency, and quantitation of the newly synthesized RNAs probably justify the additional time and effort. 12. More than 50% of the labeled ribonucleotide is routinely incorporated, and often greater than 80%. An input of 50 ~tCi may therefore yield up to 4 x 107 Cerenkov-cpm of RNA. This represents 100 pmol of UMP and, assuming no sequence bias (i.e., 25% of residues are uracil residues), 130 ng of RNA (specific activity: 3 • 108 Cerenkov-cprn/~g). Similar results are obtained with labeled CTP and GTP, although GTP rapidly loses its incorporation efficiency on storage. ATP is not routinely used because of its higher apparent K m for SP6 polymerase on linear templates (2, 15) . UTP is particularly stable and can be used even after several weeks, once radioactive decay is taken into account. With each labeled ribonucleotide, the initial concentration must be >12.5 ~tM to ensure efficient incorporation and to prevent polymerase pausing. Transcripts destined to be translated must incorporate a 5' 7mG cap structure. This is usually achieved by performing the transcription in the presence of 500 ~tM of a cap analog dinucleotide and 50 }.tM GTP. Since the cap analog can also be used during elongation, labeled GTP should not be used to calculate incorporation efficiency. A variety of other labeled or of unlabeled probes may also be made for use in in situ hybridization (see refs. 16-20) . For the synthesis of large quantities of RNA (>10 RNA transcripts/DNA template molecule), each ribonucleotide is added at a final concentration of 0.5-1 mM; trace amounts of labeled UTP should be included to calculate transcription efficiency and to verify the size of the transcript. Total volume is increased to reduce the concentration of plasmid DNA to 30-50 ktg/mL. Additional modifications of the standard protocol have been described, and include the use of HEPES-KOH, pH 7.5, at 120 mM (SP6 polymerase), 200 mM (T7 polymerase), or 300 mM (T3 polymerase) (21) . Furthermore, the T4 gene 32 protein can increase transcription efficiency when added at 10 ~tg/~g of template DNA (D. Caput, personal communication). It has been recently reported that a reduction of premature termination and an increased synthesis of large fulllength transcripts (size >1 kb) can be obtained by performing the transcription at 30~ or at room temperature (4, 22 (Fig. 1A) . Furthermore, UV-crosslinking can increase cross-hybridization to rRNAs, possibly by inducing covalent cross-linking with the probe. UV irradiation should thus be limited to membranes subjected to multiple rounds of hybridization. An apparatus commercially available from Stratagene provides a means to control the dose of UV. The appropriate dose of UV is probably different for different membranes and is broader for wet than for dry membranes. 16. The major variables in optimizing signal-tonoise ratio are the temperature of hybridization and the temperature of the stringency washes (Fig. 1B) . Many probes can be hybridized at 58~ although the temperature must be increased to 68~ for certain pairs of probe and target RNAs. Stringency washes are usually performed at 70 or 75~ It is difficult to increase stringency much further, since most water baths cannot maintain accurate temperatures at or above 80~ For the detection of DNA targets, hybridization is usually performed at 42~ and the stringency washes are at 65~ the hybridization time decreased to 5 h without increasing background.
~:~ 18. The probes should be 100-400-nt long, and should include at least 10 nt that are not complementary to the target RNA. Residual template DNA generally produces a trace of full-length protected probe that must be distin-~ guishable from the fragment protected by the target RNA (Fig. 2) . 19. It is often useful to decrease the specific activity of the probe: more RNA is synthesized at the resulting higher ribonucleotide concentration, the probes are less susceptible to radiolysis, and less radioactivity is used. The guideline in Table 1 can be used to alter the specific activity of the probes according to the sensitivity required. 20. Purification is often necessary for maximal sensitivity or for mapping purposes. The transcription reaction can be directly loaded on the preparative gel after DNase digestion of the template, provided that enough EDTA is present in the sample buffer to chelate all the magnesium. Omitting the DNase digestion of the template results in higher amounts of fully protected probe in the assay. 21. The probe must be in excess of the target RNA (see Fig. 2A ). An input of 1-2 ng of a 300-nt probe in a total volume of 30 gL will drive the hybridization of target RNA to completion (4-8 T~/2) in 12-16 h. Shorter hybridizations can be performed but require higher probe input (R o) to achieve the same extent of saturation, i.e., to maintain the R o x T~/2 value.
22. To facilitate the RNase digestion step, each sample should contain the same amount of total RNA. For very low abundance target RNA, the amount of sample RNA may be increased up to 60 gg. Inequalities should be eliminated by addition of tRNA. A negative control sample, containing only tRNA, is always included (Fig. 2A, lane 4 ; Fig. 2B, lane 3) . 24. 23. The temperature of hybridization must be reduced to detect small or very AU-rich protected frag- (23) . The probe was not gel purified, and hybridizations were performed at the indicated temperatures. Fully protected probe results from incomplete DNase digestion of the template, and is also visible in the control hybridization without target RNA. The 44-nt-protected fragment is no longer detected above 30~ ments. For instance, a 44-nt fragment of a phage T4 gene 32 transcript (containing 35 A/U and 9 C/G) was only protected by performing the hybridization at 25-30~ (Fig. 2B) (26) . 3M NaC1, 0.2M Tris-HCI, pH 7.4, and 20 mM EDTA, the hybridization is carried out for 30--60 min at 70~ Since the probe concentration is higher, there is no formamide, and the incubation temperature is higher, the hybridization is driven to completion more rapidly. The RNase digestion can be performed in 50-100 ~tL (27; J. Curran, personal communication). 25. The amount of RNase is determined by the total amount of RNA present in the samples, including that contributed by the probe. I usually add 0.5 Bg of pancreatic RNase and/or 0.25 ~g of T1 RNase per microgram RNA. In most cases, digestion with pancreatic RNase alone is sufficient. When the probe and the target RNAs are from different species, the extent of homology can be sufficient to generate discrete protected fragments, particularly if digestion is performed with RNase T1 only. The temperature of digestion can be increased to 30-37~ although this often leads to partial cleavages within the RNA:RNA hybrids. 26. To ensure that the probe remains intact during hybridization, it may be useful to include a parallel control that is hybridized and processed without RNase treatment ( Fig. 2A, lanes 2 and 3) . 27. RNases may also be inactivated by the addition of 330 IxL of 4M guanidinium thiocyanate, 25 mM sodium citrate, pH 7.0, and 1M 13-mercaptoethanol. Add 20 l.tg of tRNA, precipitate the RNAs with 660 ~tL of isopropanol, and centrifuge immediately for 15 min at 13,000g (28; P. A. Menoud, personal communication). 28. Minor shorter protected fragments are often detected, and they may complicate the interpretation of mapping assays (29) . To distinguish between digestion artifacts and rare target RNAs that are only partially complementary to the probe, a synthetic sense transcript fully complementary to the probe may be used as a control target RNA (30) . A sense RNA can be included as a reliable external control (31) .
